Introduction
The RAS is a major homeostatic system that controls body fluid volume, electrolyte balance, blood pressure as well as neuronal and endocrine functions related to cardiovascular control and is critical for maintaining arteriolar structure and vascular reactivity [1] . The RAS exhibits its effects through its main effector molecule angiotensin II (ANG II), which binds to specific membrane-bound angiotensin receptors located in multiple tissues, including the vasculature [1] [2] [3] .
At present, at least two ANG II receptors, AT1 and AT2, have been identified [4] [5] [6] . The majority of well-known ANG II actions, such as vasoconstriction, are mediated via AT1 receptor subtype stimulation. However, recent evidence suggests that the AT2 receptor not only opposes the effects of AT1 receptor, but also has unique effects beyond an interaction with AT1 receptor signaling, such as vasodilation [7] . AT1 receptor is expressed ubiquitously in blood vessels, whereas the AT2 receptor is expressed relatively weakly in large vessels, such as the aorta and at a much higher level in many resistance arteries and microvessels [8] [9] [10] .
Our previous studies indicate the importance of normal level of circulating ANG II and the subsequent activation of AT1 receptors in the maintenance of normal dilator responses of microvessels and resistance arteries of normotensive rats [11] [12] [13] [14] and in Dahl salt-sensitive rats that exhibit impaired vascular relaxation even when they are normotensive and fed with a low salt diet [15] . Treatment of normotensive rats with the AT1 receptor blocker losartan substantially alters the responses of isolated skeletal muscle resistance arteries in response to reduced PO 2 , possibly due to alterations in the release of the cyclooxygenase-dependent constrictor TXA 2 and the vasodilator prostaglandin PGI 2 from the endothelium. However, there was no change in ACh-induced dilation of the same blood vessels [16] . In other study, Phillips et al. demonstrated significantly altered ACh-induced vasodilation, while dilation to hypoxia was maintained in the middle cerebral arteries from rats chronically taking losartan [17] . Taken together, the results of these studies indicate that the normal functioning of the RAS and tonic activation of the AT1 receptor by ANG II are required to maintain normal responses to vasodilator stimuli in both skeletal and cerebral resistance arteries. Furthermore, these findings provide evidence that continuous AT1 receptor activation may be crucial for the normal synthesis of cyclooxygenase-dependent metabolites of arachidonic acid involved in normal vascular response to various stimuli.
Because some studies suggest that chronic RAS blockade improves endothelial function in hypertensive patients [18, 19] and that ANG II is crucial regulator of signaling mechanisms important for peripheral vascular function [12, 13, 20, 21] , providing evidence for the role of the AT1 receptor in the maintenance of normal vascular function is of critical importance.
Until recently, all studies were conducted on males to "eliminate the confounding problem of cycling" and while the data obtained from these subjects have greatly advanced our knowledge of physiology and pathophysiology now we know, the consequences of such studies is limited view of the mechanisms controlling organ and tissue function and to limitations in the diagnosis and care of humans with disease [22] .
It is known that sex disparities are present in incidence, prevalence, outcome, treatment and diagnosis of cardiovascular diseases. Some evidence even suggests that the classical risk factors for cardiovascular diseases may not apply to women, as they do in the men, particularly in regard to coronary calcification, diastolic heart failure and microvascular diseases [22, 23] . With these considerations in mind, we chose a population of healthy young women for our study in an effort to help elucidate the physiology and pathophysiology of the female vascular system.
The aim of the present study was to determine the effect of AT1 receptor antagonist losartan on skin microvascular reactive hyperemia and plasma level of cyclooxygenase vasoconstrictor products in young healthy women on a LS diet. 
Materials and Methods

Study population
Healthy female medical students (age 20±1) recruited by advertisement at the Faculty of Medicine University of Osijek participated in the study. Exclusion criteria included a history of hypertension, coronary artery disease, diabetes, hyperlipidemia, renal impairment, cerebrovascular and peripheral artery diseases. None of the subjects were taking drugs that could affect their cardiovascular system. Written informed consent was obtained from each subject. The study protocol and procedures conformed to the standards set by the latest revision of the Declaration of Helsinki and were approved by the Ethical Committee of the Faculty of Medicine, University of Osijek.
Study protocol
During the study all subjects were instructed to maintain a low-sodium diet, with intake of 40 mmol sodium per day (DASH diet, U.S. Department of Health and Human Services, 2006) for 7 days. Ten participants comprising LS diet+losartan group were given 50 mg of losartan (selective AT1 receptor inhibitor) per day during the 7 day diet protocol. Other ten participants on low-sodium diet presented LS diet group.
A venous blood sample was taken before and after the study protocol after 30 min resting in supine position. A 24 hour urine sample was collected before and after the study protocol. During the 24-hour collection, participants followed a standard procedure in which they began to collect urine after the first urination and continued through the first urination the next morning.
Blood pressure and heart rate (HR), measured at the beginning of each visit were determined after 15 minutes rest in seated position using a semiautomatic oscillometric monitor (OMRON). The final values of arterial blood pressure and heart rate were the mean of three repeated measurements.
The height and weight of each subject was measured at each visit to determine Body Mass Index (BMI), and the circumference of the hips and waist were measured to determine Waist to Hip Ratio (WHR).
Assessment of skin microcirculatory blood flow
Microcirculatory blood flow was assessed by noninvasive method LDF (MoorVMS-LDF, Axminster, UK). We have measured changes in blood flow during reactive hyperemia following release of an occlusion of blood flow. Numerous studies suggest that changes in cell shape, pressure, stretch, and flow/shear stress, as a result of occlusions activate mechanosensitive-signaling mechanisms in the arteriolar wall, which elicit reactive dilation that resembles the characteristics of reactive hyperemia. Thus, in addition to previously described metabolic factors, mechanosensitive mechanisms, via activation of endothelial and smooth muscle cell stretch receptors and endothelial NO synthesis, are likely to contribute significantly to the in vivo development of reactive hyperemia [24] [25] [26] [27] . Reactive hyperemia is a complex microvascular response to an acute period of ischemia, in which the endothelium and its response to different endothelium derived relaxing and/or constricting factors (vascular reactivity) has a potential role [25] . Measurements were performed in a warm room (average temperature 23.5±0.5 °C). Data collection started after 30 minutes acclimatization to avoid temperature-related changes in blood flow. During the measurement, the subjects were resting in the supine position. Because LDF measurements are very sensitive both to movement of the examinee and to movement of the probe or the wire attaching the probe to the LDF device, stationary position of the subjects was achieved by supporting frames that comfortably stabilized the subject's limb.
The laser probe was attached to subject's volar forearm skin 13-15 cm from the wrist with doubled sided adhesive discs provided by manufacturer. After 5 minutes of baseline measurement, vascular occlusion was induced by inflating a pneumatic cuff on the upper arm to 30 -50 mmHg above the systolic blood pressure (SBP). Measurements were taken before, during, and after release of a 1 minute occlusion.
Changes in microcirculatory blood flow were expressed in arbitrary perfusion units (PU). To quantify relative changes of blood flow during post-occlusive hyperemia, the data were expressed as area under the curve (AUC) during baseline flow, occlusion and reperfusion. Results were expressed as the difference between the percentage of flow change during reperfusion and occlusion (delta R-O) in relation to baseline ( Figure 1 ). All vascular measurements were performed by a single trained operator, blinded for the treatment group. 
Laboratory testing
Blood samples were analyzed for plasma electrolytes (sodium and potassium), plasma urea and plasma creatinine levels. Twenty-four hour urine samples were analyzed for sodium, potassium, urea, creatinine and albumin levels were performed at the Department of Clinical Laboratory Diagnostics, Clinical Hospital Centre Osijek. PRA and plasma aldosterone concentration were measured at the Clinical Institute of Nuclear Medicine and Radiation Protection, Clinical Hospital Centre Osijek, using standard radioimmunoassay techniques.
Measurement of plasma cyclooxygenase dependent vasoconstrictor thromboxane (TXA 2 ) levels
Because TXA 2 has a half life of only 37 seconds under physiological conditions, the production of TXA 2 in vivo is typically monitored by measurement of TXB 2 and 2,3-dinor TXB 2 . TXB 2 is produced by the nonenzymatic hydration of TXA 2 , and has been shown to be stable [28] . Plasma concentration of stable TXA 2 metabolite, TXB 2 was evaluated with the use of comercially available enzyme immunoassay kits purchased from Abnova (Taiwan) in the Laboratory for Vascular Physiology at the Department of Physiology and Immnunology, Faculty of Medicine University of Osijek.
Statistical Analysis
All results are presented as mean ± SD. Clinical characteristics before and after the study protocol was compared by paired t-test. The Wilcoxon rank-sum test was used when variables were not normally distributed. A Student t-test was used to compare parameters between experimental protocols. When variables were not normally distributed, the Mann-Whitney Rank Sum Test was used. Statistical significance was set at P<0.05. In order to achieve 80% power and p<0.05 level of significance, paired t-test sample size analysis was used. That analysis established that a sample size of 20 participants was required and appropriate. SigmaPlot (version 11.2, Systat Software, Inc, Chicago, USA) program was used for statistical analysis. 
Results
Subject profiles
Twenty female subjects (mean age 20±1 years) participated in the study. Their BMI was 22.9±4.1 kg/m2 and WHR was 0.70±0.03. The body weight of the subjects did not change after the study protocol compared to the control values. Table 1 summarizes the hemodynamic data of the study population. The mean value of three blood pressure measurements confirmed that the participants were normotensive before the study protocol. SBP, diastolic blood pressure (DBP) and mean arterial blood pressure (MABP) significantly decreased in LS diet group after diet protocol when compared to control values. There was no difference in SBP, DBP, MABP and HR between study groups both before and after study protocols. Table 2 summarizes the changes in biochemical parameters measured in venous blood sample and 24 hour urine samples from young healthy women subjected to one week of LS diet or one week of LS diet and losartan administration. Plasma urea levels decreased after the LS diet+losartan protocol compared to control levels before study and serum creatinine levels increased after LS diet protocol when compared to control values before study protocol. Both PRA and plasma aldosterone levels increased significantly after 7 days of LS diet and LS diet+losartan intake when compared to control values before study protocols. Urinary sodium excretion and 24h urine sample albumin concentrations fell significantly after both study protocols when compared to control values before study protocols. Urinary urea excretion significantly fell after LS diet+losartan protocol. There was no statistically significant difference when comparing measured biochemical parameters between LS diet and LS diet+losartan group after 7 days of both study protocols. Figure 2 summarizes the effect of 7 days LS diet protocol with or without AT1 receptor antagonist losartan treatment on skin reactive hyperemia in young healthy women. Hyperemic blood flow following 1 minute of vascular occlusion, as assessed by LDF, was not significantly different after LS diet protocol vs. control values before the LS diet (delta R-O control before LS diet 1.2±0.3 vs. after LS diet 1.3±0.3, P=0.562) (Figure 2a ), just as after one week of losartan administration during the LS diet protocol when compared to control (delta R-O control 1.3±0.2 vs. LS diet+losartan 1.4±0.2, P=0.734) (Figure 2b ). Figure  3 summarizes the effect of LS diet protocol (Figure 3a) and losartan administration during LS diet protocol (Figure 3b ) on plasma TXB 2 (a metabolite of TXA 2 ) concentrations. There was no change in TXB 2 plasma levels after LS diet protocol compared to control values (cTXB 2 pg/mL control before LS diet 108±58 vs. after LS diet 95±92, P=0.713), while plasma levels of TXB 2 increased significantly after one week of LS diet+losartan compared to control levels before LS diet+losartan (cTXB 2 pg/mL control before LS diet+losartan 101±80 vs. after LS diet+losartan 190±116, P=0.043). There was no statistically significant difference when comparing plasma TXB 2 levels between LS diet and LS diet+losartan group after 7 days of both study protocols (cTXB 2 pg/mL after LS diet 95±92 vs. after LS diet+losartan 190±116, P=0.194). 
Biochemical Parameters
Effect of losartan on skin microcirculatory blood flow and plasma TXA 2 Levels
Discussion
The salient finding of the present study is that one week of AT1 receptor blockade in young healthy women on a low sodium diet significantly increased plasma levels of TXB 2 , a stable metabolite of TXA 2 (Figure 3b ) without causing significant changes in arterial blood pressure (Table 1 ) and with no effect on post-occlusion hyperemic blood flow of skin microcirculation (Figure 2b) . However, such increase in plasma levels of TXB 2 could not be detected in young healthy women on low sodium diet (3a) suggessting that AT1 receptor blockade may play important role in regulation of cyclooxygenase-dependent pathway of metabolism of arachidonic acid.
It should be noted that this is the first study on the human model which confirmed the results of the study by Phillips et al. showing that losartan administration in rats increased plasma levels of cyclooxygenase-dependent vasoconstrictor TXA 2 without changes in skeletal muscle vascular responses to ACh (endothelium dependent dilation) and/or sodium nitroprusside (endothelium independent dilation) [16] .
Recent studies have emphasized the importance of the RAS in maintaining normal vascular responses to various physiological stimuli, an effect that is mediated via activation of AT1 receptors [10] [11] [12] [13] [14] [15] [16] . However, because the most of the studies on the influence of AT1 blockade on vascular function are performed on a population of patients with high blood pressure and increased risk of cardiovascular complications, the pathways and mechanisms by which ANG II and/or AT1 receptor activation and/or inhibition may alter vascular reactivity and vascular function in physiological conditions, are not well understood. Moreover, recent studies suggest that AT1 receptor blockade may have disparate effects in healthy versus metabolic syndrome or hypertensive conditions [29] .
Because a LS diet per se stimulates renin secretion and Ang II formation, we wondered what would occur if the formation of Ang II was blocked concomitant to a LS diet.
In the present study SBP, DBP and MABP significantly decreased after LS diet protocol and tended to decrease after LS diet+losartan protocol without changes between groups. This is consistent with the results of studies that examining the impact of the DASH diet on blood pressure in normotensive individuals [30] . Furthermore, both PRA and plasma aldosterone levels increased significantly after one week of both LS diet and LS diet+losartan protocols (Table 2) . While elevated PRA is expected as a normal physiological response to low sodium intake during the study protocol, the anticipated effect of AT1 receptor blockade is to decrease plasma aldosterone levels. It is thought that ANG II stimulates aldosterone synthesis and secretion via AT1 receptor stimulation in the adrenal cortex [31] . In contrast, recent studies have demonstrated that selective antagonism of the AT1 receptor is associated with a substantial increase in plasma ANG II levels which may stimulate aldosterone secretion through the AT2 receptor when AT1 receptor is blocked -a phenomenon called aldosterone breakthrough during AT1 receptor blockade [31] . This is a likely explanation for the elevated plasma aldosterone levels that was found in present study. Also, in the present study one week of LS diet or LS diet+losartan decreased urinary albumin concentrations, which might be interpreted as protection of the endothelium from damage. This is an interesting finding, because recent studies have demonstrated that modest salt reduction reduced urine protein excretion in hypertensive population [32, 33] . In addition, some studies suggested that drugs that block the RAS may have preferential effects to lower proteinuria [33] . Recent studies on animal models have suggested that ANG II, maintains the normal reactivity to vasodilator stimuli in arterioles and resistance arteries [12, [34] [35] [36] [37] [38] [39] . In rats, the impaired responses to vasodilator agonists after short-term exposure to a high-salt diet can be prevented by maintaining circulating levels of ANG II, suggesting that ANG II protected the mechanisms responsible for vascular relaxation in these vessels [12] which is mediated by interaction of ANG II with the AT1 receptor subtype [13] . Furthermore, losartan treatment of normotensive rats on normal-salt diet with losartan significantly altered the response of skeletal muscle resistance arteries to acute reduction in PO 2 [16] . This paradoxical vasoconstriction of resistance arteries to hypoxia after AT1 receptor blockade by losartan seems to be due to alterations in the release of the cyclooxygenase dependent vasoconstrictor TXA 2 from the endothelium [16] . However, there are no studies investigating this issue in human models, so the role of ANG II and activation of its AT1 and AT2 receptors on vascular reactivity during dietary salt modulation in healthy human individuals remains to be clarified. To investigate this question, participants in present study were subjected to one week of low salt diet without or with losartan administration. Decreased urinary sodium levels confirmed that experimental protocol was conducted consistently, and that the experimental subjects conformed to the diet guidelines. PRA also changed in the expected directions, providing additional confirmation of proper adherence to the dietary guidelines specified in this study (Table 2) . Interestingly, we found that one week of losartan administration during the LS diet protocol, just as only LS diet protocol, did not induce any change in hyperemic tissue blood flow following 1 minute vascular occlusion. Whereas, one week of AT1 receptor blockade significantly increased plasma levels of the cyclooxygenase dependent vasoconstrictor TXA 2 . These results are consistent with previous studies on animal models, in which the hypoxic vasoconstriction of arteries from losartan-treated rats was blocked by indomethacin, indicating that a cyclooxygenase-derived constrictor product was responsible for the altered response to reduced PO 2 in those animals [16] . The most likely source of TXA 2 is the endothelium because cyclooxygenase-1 and -2 expressions are up to 20 times greater in the endothelium than in the smooth muscle cells [39] .
One of the plausible explanations, why we did not observe a significant change in post occlusive hyperemic blood flow after losartan administration during LS diet, is activation of ANG II AT2 receptors. In addition to their effect on blood pressure, long-term administration of AT1 receptor blockers results in a several-fold increase in plasma ANG II and thus a possible overstimulation of AT2 receptors [40] [41] [42] [43] . Therefore, the effect of AT2 receptor stimulation is becoming increasingly important in both physiological and pathological situations, for example, hypertension. Furthermore, a cross-talk between the two receptor subtypes (AT1 and AT2) has been described [42, 43] , and AT1 receptor blockade might also unmask potential effects of AT2 receptors that were overridden by AT1 receptor stimulation. This potential activation of AT2 receptors during AT1 receptor blockade may have an important role in maintaining vascular relaxation mechanisms, as previous studies have demonstrated that AT2 receptors play a vasodilator role and that selective stimulation of AT2 receptors in the presence of AT1 receptor antagonists is predicted to have a beneficial clinical effect in controlling blood pressure [44] [45] [46] . Other studies have shown that AT2 receptors also have a role in the control of the vascular tone by flow (shear stress) and that activation of AT2 receptors is involved in flow-dependent dilation [46, 47] .
The most important finding of the present study is that AT1 receptor blockade significantly increased plasma levels of TXB 2 in young healthy women on LS diet. These data are consistent with growing evidence that losartan has AT1 receptor-independent actions [48] primarily related to anti-inflammatory and anti-aggregatory mechanisms. Most studies regarding this issue were done in animal models. Some studies indicate that losartan may be involved in the metabolism of the cyclooxygenase-dependent constrictor TXA 2 by interacting with its receptor rather than upregulating its generation [49, 50] . For example, Valentin et al. have shown that losartan prevents thromboxane A 2 /prostanoid (TP) receptor mediated increase in microvascular permeability in the rat [51] . The results of the present study are in agreement with the study of Valetin et al [51] suggesting that AT1 receptor blockade interacts with the methabolism of thromboxane A 2 by preventing the TXA 2 to interact with its receptors, thus microcirculatory blood flow remains normal despite increased plasma concentration of TXB 2 (a stable metabolite of TXA 2 ) in women on a LS diet+losartan protocol. Figure 4 summarizes the observed effects and possible pathways that might be responsible for increased plasma TXA 2 level but unchanged microvasular blood flow responsiveness due to one week AT1 receptor blockade in young, healthy female subjects on LS diet.
A limitation of the study was the relatively small sample size. Taking this into consideration we did paired t-test sample size analysis, which has shown that our sample size was appropriate to achieve 80% power and p<0.05 level of significance.
Conclusion
Our study demonstrated that one week of LS diet with oral losartan administration led to a significant increase in plasma levels of the cyclooxygenase dependent vasoconstrictor TXB 2 (a metabolite of TXA 2 ) without causing any changes in blood pressure and/or skin microvascular blood flow responsiveness. We propose that losartan exhibited its additional effect by blocking the thromboxane A 2 /prostanoid (TP) receptors. In addition, one can not exclude the possible interaction of ANG II with AT2 receptors, which may underlie preserved microcirculatory blood flow responsiveness, a possibility waiting for exploration in human subjects, once AT2 antagonists are approved for human use.
